-j  .•  ,  .. .  ...  V.;' 


AD-A231  829 


DT1C 

k ELECTS 
1  MARO  6  1991 


OFFICE  OF  NAVAL  RESEARCH 
TECHNICAL  REPORT 


FOR 


Contract  N00014  91  J  1035  1409 
Technical  Report  No.  7 


Surface  Intervalence  Enhanced  Raman  Scattering 
from  Fe(CN)*4'  on  Colloidal  Titanium  Dioxide. 

A  Mode-by-Mode  Description  of  the  Franck-Condon 
Barrier  to  Interfacial  Charge  Transfer. 


R.L.  Blackboum,  C.S.  Johnson  and  J.T.  Hupp 


*  Department  of  Chemistry 
*  ****£?, M9d  ior  pnc^c  Northwestern  University 

— .  Pamouaon  Pniaaited.^.^j  Evanston,  Illinois  60208-311 


Evanston,  Illinois  60208-3113 


Reproduction  in  whole,  or  in  part,  is  permitted  for  any  purpose  of  the  United  States 
Government. 

Accepted  for  publication  in  T.  Am.  Chem.  Soc.. 


Hi  ■£-  jl  s'  a  S3 


miu  3J — PUKM5 


53 JO  1*298 


REPORT  DOCUMENTATION  PAGE 


om  m  o?o4~6i  u 


i  *ctCcv  um  omlt  ounti  t.  «pq«t  oati  i.  Bmm  nR  amo  o*m  covered 

2/18/91  _  Technical  Report 

4.  TJTU  AMD  SUITTTlf  I S.  PUNOMtO  NUMMAS* 

Surface  Interwlence  Enhanced  Raman  Scattering 
from  Fe(CN)6^“  on  Colloidal  Titanium  Dioxide 

a  autmo«(}>  ' " 

R.L.  Blackbourn,  C.S.  Johnson  and  J.T.  Hupp 


}.  KKrojtMmc  cegaxuat.o*  kameisj  a  no  adoaukisj 

Northwestern  University 
Department  of  Chemistry 
2145  Sheridan  Road 
Evanston,  IL  60208 
9  sponsoring,  mcnttorjug  agoJcy  m3  auoujsus) 

Office  of  Naval  Research 
Department  of  the  Navy 
Arlington,  VA  22217 


I  «.  PERFORMING  ORGAA12AT)Olr 
REPORT  NUMtU 


10.  SPONSOUNG/MONITOftflMi 
AGENCY  REPORT  NUMRER 


1 11.  SUPPlXMtNlARY  NOTH 


[in.  orrrssunox/AVAiLABam  siajtmcaT 


[  iia.  ounuu/noN  cooe 


U.  ATi TRACT  imuar^Tt  JOO 

The  first  experimental  observation  of  "surface  intervalence  enhanced" 
Raman  scattering  (not  SERS)  is  reported.  The  transition  giving  rise 
to  the  enhancement  is  a  heterogeneous  charge  transfer  between  FeCCN)^- 
and  colloidal  titanium  dioxide  (Vrachnou,  et  al.  J.  Electroanal.  Chem. , 
1989,  258,  193).  Enhancement  effects  in  the  scattering  spectrum  are 
interpretea  with  the  aid  of  recently  developed  time-dependent  analyses. 
From  the  analyses  a  complete,  quantitative  description  of  charge- 
transfer  induced  vibrational  reorganization  is  obtained  (i.e.  all  force 
constants,  all  normal  coordinate  displacements,  and  all  single-mode 
components  of  the  vibrational  Franck-Condon  barrier  to  charge-transfer 
are  obtained).  For  the  Fe(CN)6^”/colloidal-Ti02  system,  the  most 
significant  findings  are:  a)  that  a  total  of  ten  modes  are  displaced 
during  interfacial  electron  transfer,  b)  that  the  largest  single 
displacement  occurs  in  a  mode  associated  with  a  bridging  cyanide  liganc 

14  UiAHCT  TUMI  IS.  NUMUA  Of  PAGES 

u£  non  coot 

IT.  WCUETTY  OASRnCAnON  pi  UCViwrr  CLASSIFICATION  MS.  SECURITY  CLASSIFICATION  ?0.  LIMITATION  OF  ABSTRACT 
04  REPORT  I  Of  THIS  PAGE  I  OF  APST1UCT 


XV,  7WUJ1-UO-5VJO 


Standard  Form  (Rev  2-M) 
******  ami  \k  m<<t 


53-85 


Surface  Intervalence  Enhanced  Raman 
Scattering  from  Fe(CN)(**  on  Colloidal  Titanium  Dioxide. 
A  Mode-by-Mode  Description  of  the  Franck-Condon 
Barrier  to  Interfacial  Charge  Transfer 


Statement  "A"  per  telecon  Dr.  Ronald  Dr. 
Marco.  CMl/Code  1113ES 


VHG 


5/6/91 


Robert  L.  Blackboum,  Christopher  S.  Johnson, 


ACCGS'G 

n  Her  . 

NTIS 

CRA&I  V 

DTiC 

i  >'B  LJ 

j  U;.annc 

•ur.-red  D 

Justii  ic. 

citiou 

By 

Diotrib. 

die,.’./ 

A 

— . *: **  *  1  .  - 

c-:  .-  . 

Dist 

Si:.:,-.! 

1 

_ _ _ i _ 

and  Joseph  T.  Hupp’ 


Department  of  Chemistry 
Northwestern  University 
Evanston,  Illinois  60208-3113 


Accepted,  T.Am.Chem.Soc..  November  19, 1990 


91  2  25  053 


Abstract  The  first  experimental  observation  of  "surface  intervalence  enhanced" 
Raman  scattering  ( not  SERS)  is  reported.  The  transition  giving  rise  to  the 
enhancement  is  a  heterogeneous  charge  transfer  between  Fe(CN)4v  and  colloidal 
titanium  dioxide  (Vrachnou,  et  al.  T.  Electroanal.  Chem..  1989,  258. 193). 
Enhancement  effects  in  the  scattering  spectrum  are  interpreted  with  the  aid  of 
recently  developed  time-dependent  analyses.  From  the  analyses  a  complete, 
quantitative  description  of  charge-transfer  induced  vibrational  reorganization  is 
obtained  (i.e.  all  force  constants,  all  normal  coordinate  displacements,  and  all  single- 
mode  components  of  the  vibrational  Franck-Condon  barrier  to  charge-transfer  are 
obtained).  For  the  FefCN^/colloidal-TiOj  system,  the  most  significant  findings  are: 
a)  that  a  total  of  ten  modes  are  displaced  during  interfacial  electron  transfer,  b)  that 
the  largest  single  displacement  occurs  in  a  mode  associated  with  a  bridging  cyanide 
ligand,  and  c)  that  three  surface  modes  (Ti-O  vibrations)  are  activated  during  optical 
electron  transfer. 


3 

One  of  the  key  requirements  in  any  quantitative  description  of  electron  transfer 


kinetics,  in  any  environment,  is  an  accurate  estimate  of  internal  or  vibrational 
reorganization  energetics.1  We  have  recently  shown  that  complete  mode-by-mode 
descriptions  of  vibrational  reorganization  for  selected  metal-to-ligand2  and  metal-to- 
metal  (or  intervalence)3  charge-transfer  events  in  solution  can  be  obtained  by 
applying  time-dependent  scattering  theory4,3  to  pre-  or  post-resonance  Raman 
spectra.6  The  quantities  obtained  are  redox-induced  normal  coordinate  displacements 
(a),  force  constants  (f)  and  individual  components  (%')  of  the  total  vibrational 
reorganization  energy  (%,).  We  now  wish  to  report  an  extension  of  this  methodology 
to  an  interfacial  charge  transfer  reaction. 

The  reaction  chosen  was  optical  electron  transfer  from  FefCN)*4-  to  colloidal 
titanium  dioxide:73 


Fe(CN)<>/  ' 

FeCCNk3-/^ 

Pe(CN),A  TEES* 

Fe(CN)63-W 

(1) 

f^cnW  t‘°2 

FetCNV-/  T'°- 

Fc(CN)6*-\  / 

Fe(CN)65'  \e-/ 

Following  Vrachnou  and  co-workers,7  we  find  that  an  intense  optical  absorption 
exists  «  410  nm,  e  *  5,000  M'1  cm-1)  for  the  "surface  intervalence"  charge 
transfer  reaction  in  eq.  1.  We  further  find  (fig.  1)  that  Raman  scattering  spectra  can 
be  readily  obtained  based  on  near-resonant  excitation  (488  nm).9  Control  experiments 
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at  514.5  nm  (nominally  preresonant),  at  647.1  nm  (off  resonance),  with  ferrocyanide 
alone,  or  with  colloidal  TiO*  alone,  all  show  the  scattering  in  fig.  1  to  be  resonantly 
enhanced  (e.g.  enhancement  factors  of  at  least  20  for  the  highest  energy  modes).10 

The  observation  of  enhancement  is  of  central  importance:  within  the  context  of 
the  time-dependent  theory,4-5  resonance  enhancement  (Albrecht  A-term  scattering) 
indicates  the  displacement  of  normal  coordinates  in  direct  response  to  the  pertinent 
electronic  transition  (in  our  case,  eq.  1).  In  the  simplest  case,  the  quantitative 
relationships  between  scattering  intensity  (I)  and  molecular  structural  changes  are:4 

I,/ Ij  *  Ai/d4  A|  (2) 

and 

Xi.0.s£  Aj[ ((D,/ 2 Jt)  (3) 

where  to  is  2rc  times  the  vibrational  frequency  and  the  summation  is  over  all  modes 
which  are  significantly  resonantly  enhanced.  If  a  local  mode  approximation  is 
appropriate,  absolute  bond  length  changes  ( I  Aa  I )  can  also  be  obtained:2,4 

( |Aa| )  ■  (A^/mob)*  (4) 

In  eq.  4,  p  is  the  reduced  mass  and  b  is  the  bond  degeneracy. 

Table  1  lists  the  relative  intensities,  unitless  normal  coordinate  displacements 
and  bond-length  changes  obtained  for  resonance  enhanced  modes.  Absolute  a  and 
Aa  values  were  derived  by  assuming  that  the  changes  in  length  for  nonbridging  Fe-C 
bonds  equalled  those  determined  crystallographically  for  free  FefCN)*3"74".12  Mode 
assignments  were  made  by  analogy  to  Fe^N)*4-,13  (H3N)5Ru-NC-Fe(CN)51',  (H3N)5Os- 
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NC-Fe(CN),1'  and  related  systems,3  and  will  be  described  in  greater  detail  elsewhere. 
From  the  table,  a  number  of  points  are  worth  noting:  1)  The  total  number  of  modes 
(or  types  of  bonds)  displaced  is  surprisingly  large  (ten)  indicating  that  even  the 
simplest  of  interfacial  redox  reactions  may  entail  substantial  complexity  in  vibrational 
activation.  2)  As  seen  for  related  binudear  metal  systems  (in  solution),3  bridging 
modes  suffer  the  greatest  displacement,  with  the  ON  bridging  mode  providing  the 
largest  single  contribution  to  the  vibrational  barrier.  3)  Remarkably,  three  surface 
modes  are  enhanced  and  therefore  displaced  during  optical  electron  transfer.  This 
last  observation  is  unprecedented  experimentally  and  is  at  odds  with  most,  if  not  all, 
existing  theoretical  views  of  interfadal  electron  transfer. 

While  the  mode  assignments  in  Table  1  are  reasonably  well  established, 
questions  do  arise  regarding  the  possibility  of  more  than  one  type  of  binding 
geometry  (e.g.  doubly-bridged)  and  the  degree  of  protonation  of  the  bound 
ferrocyanide.  We  performed  a  number  of  control  experiments  where:  (1)  FeiCN)^ 
and  colloidal  Ti02  concentrations  were  substantially  varied.  (2)  The  pH  was  varied 
between  1  and  3.  (3)  Multiple  excitation  wavelengths  were  used  in  resonance.  (4)  An 
isotope  study  using  a  7:1  dilution  in  D2S04/D20  was  completed.14  Interestingly,  all  of 
these  experiments  led  to  no  change  in  relative  Raman  intensities  or  frequency  shifts. 
These  results,  therefore,  tend  to  support  the  notion  that  only  one  type  of  complexed 
ferrocyanide  species  exists,  which  apparently  is  unprotonated,  and  is  bound  to 
titanium  via  a  single-cyanide  ligand.14 


Finally/  the  possibility  of  unwanted  scattering  from  either  a  Prussian  blue  or 
titanate/FefCN)*4"  species  was  considered.  We  eliminated  the  Prussian  blue  problem 
by:  (a)  using  OsfCNV"  in  place  of  Fe(CN)6*"  with  similar  results,  (b)  purposely 
making  the  Prussian  blue  complex  which  absorbs  in  the  red  and  showing  that  it  is 
not  present  in  our  absorption  spectrum,  and  (c)  proving  that  no  enhancement  occurs 
in  the  FefCNJ^/colloidal-TiOj  solution  at  647.1  nm  (where  Prussian  blue  would 
absorb).  The  second  problem,  titanate  formation  during  preparative  TiCl4  hydrolysis, 
can  be  effectively  eliminated  by  dialysis.7  This  was  confirmed  by  an  electrochemical 
experiment  (supplementary  material)  in  which  redox-active  Fe(CN)64'  (i.e.  free  or 
titanate  bound)  was  shown  to  be  absent  from  FefCN^Vdialyzed-colloid  solutions, 
but  present  in  intentionally  prepared  Fe(CN)6Vtitanate  solutions.15 

Supplementary  Material  Available:  One  figure  showing  differential  pulse 
voltammograms  for  Fe(CN)64'/colloidal-'Ii02  and  Fe(CN)«*V titanate  solutions. 
Ordering  information  is  given  on  any  current  masthead  page. 
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the  dialyzed  and  diluted  colloid  produced  stable  charge  transfer  assemblies. 

For  Raman  studies  (excitation  at  457.9,  488.0,  514.5  and  647.1  nm)  the  colloidal 
sols  contained  approximately  Iff4  moles  of  FefCN)^  per  gram  of  Ti02;  higher 
loadings  led  to  sol  aggregation  then  precipitation.  Ferrocyanide  concentrations 
ranged  from  0.1  to  1.0  mM.  In  a  few  experiments  NO,  or  methanol  was 
added  as  an  internal  intensity  standard.  The  sol  pH  was  varied  between  1  and 
3  (chiefly  by  varying  dialysis  times  and  the  number  of  dialysis  steps)  with  no 
variations  found  in  the  enhanced  scattering  spectra.  It  should  be  noted  that  at 
the  low  pH's  used  in  this  study,  polyvinyl  alcohol  (a  common  colloid 
stabilizer)  was  not  needed. 

9.  Raman  spectra  were  obtained  with  a  windowless  flow  cell  under  an  argon 
blanket.  Chromophore  concentrations  were  chosen  so  as  to  minimize 
complications  from  self  absorption.  Typically,  a  bandpass  of  9  cm"'  was 
employed  with  40  to  60  mW  of  incident  excitation  power.  For  weak  portions 
of  the  spectrum,  signals  were  sometimes  averaged  (with  appropriate  checks  for 
system  drift)  for  as  long  as  twenty  hours.  We  note  further  that  background 
counts  in  the  low  energy  end  of  the  spectrum  (ca.  750  to  300  cm-1;  see  fig.  1) 
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were  often  as  high  as  5,000  per  second,  rendering  signal  extraction  somewhat 
difficult. 

Our  results  stand  in  marked  contrast  to  those  of  Umapathy,  McQuillan 
and  Hester  (Chem.  Phvs.  Lett..  1990,  170.  128)  who  very  recently  reported 
observing  only  the  two  highest  frequency  modes  seen  in  our  spectrum.  The 
precautions  described  above  no  doubt  account  for  the  exceptional  differences 
between  our  findings  and  those  reported  elsewhere. 

10.  In  addition,  very  weak,  unenhanced  modes  at  656  and  920  cm-1  were 
occasionally  found,  as  was  a  stronger  mode  (also  unenhanced)  at  1641  cm-1. 
Lack  of  enhancement  indicates  lack  of  participation  of  these  modes  in 
vibrational  reorganization. 

11.  Intensities  have  been  corrected  for  residual  self  absorption  (Shriver,  D.  F.; 
Dunn,  J.  B.  R.  Appl.  Spectrosc.  1974,  28,  319)  and  for  v4  attenuation  effects. 

12.  Swanson,  B.  I.;  Hamburg,  S.  I.;  Ryan,  R.  R.  Inorg.  Chem.,  1974,  13,  1685. 

13.  Jones,  L.  H.;  Memering,  M.  N.;  Swanson,  B.  I.  T.  Chem.  Phvs..  1971,  54,  4666. 

14.  If,  in  fact,  two  cyanide  ligands  serve  as  bridges,  aa  (vc.N  bridge)  decreases  to 
0.032  A;  most  other  Aa  values  would  be  diminished  by  about  10%. 

15.  The  source  of  titanate  was  the  outer  portion  of  a  colloidal-Ti02  dialysis 
solution.  See  ref.  7  for  related  experiments. 


Table  1.  Spectroscopic,  structural  and  reorganizational 
parameters  for  electron  transfer  from  Fe(CN)(**  to  colloidal  TiOz. 
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Mode 

Relative 

Intensitv*,b 

a2 

i  Aa  1 

Xi 

Assignment 

2118  on'1 

20.0 

0.95c 

0.048  A 

1000  cm'1 

vC-n  bridge 

2072 

6.61 

0.33 

0.014 

340 

vON  radial 

2058 

5.44 

0.27 

0.026 

280 

vc.N  terminal 

720 

0.27 

0.11 

7 

40 

? 

598 

1.00 

0.59 

0.026d 

180 

VF*C 

540 

0.33 

0.24 

0.039 

60 

vf*c  bridge 

516 

1.12 

0.89 

e 

230 

VThO 

484 

0.90 

0.82 

e 

200 

VTM> 

418 

0.56 

0.69 

e 

140 

VTK> 

364 

0.27 

0.43 

0.059 

80 

VTi-N 

a.  Depolarization  studies  indicate  that  all  modes,  with  the  possible  exception  of  modes  at 
540  and  720  cm-1  (too  weak  to  determine  with  certainty),  are  totally  symmetric,  b.  Within 
the  experimental  uncertainty,  relative  intensities  are  unaffected  by  changes  in  excitation 
wavelength,  c.  All  values  scaled  to  the  value  for  a2  at  598  cm'1,  d.  Taken  from  (or  taken  as) 
the  crystallographically  determined  value12  for  Fe(CN)64'/>.  e.  Value  not  determined,  since 
the  measured  normal  coordinate  displacement  (a)  may  entail  more  than  one  type  of  bond 
length  displacement  (i.e.,  a  local-mode  approximation  may  not  be  appropriate). 
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Caption  for  Figure  1 

Figure  1.  Preresonance  Raman  spectrum  of  0.6  mM  FefCN^/S.Sg/L  Ti02  colloid 
at  pH  =  2.0  with  488.0  nm  excitation.  The  asterisk  at  656  cm-1  denotes 
an  unenhanced  Eg  mode  of  TiQj.  The  mode  at  540  cm-1  is  real  and  is 
more  convincingly  resolved  in  experiments  performed  at  457.9  nm. 
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Supplemental  Figure.  Differential  pulse  voltammograms  of  (A)  Fe(CN)64"/titanate 
solution  prepared  from  the  outer  dialysis  water,  pH  =  2.0,  0.65  mM  FefCN)^,  E1/2°*  = 
0.33  V;  (B)  Fe(CN)6VColloidal-Ti02  assembly  prepared  from  the  inner  dialyzed 
solution.  The  experimental  conditions  are  as  follows:  scan/rate  =  5  mV  s'1,  pulse 
amplitude  =  5  mV,  pulse  width  =  0.5  sec.  The  electrode  material  used  was  glassy 
carbon. 


